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On 11 December 1990, reaction wheel attitude control was lost on Navstar 
vehicle number six. The loss of this satellite was a setback in the navigation 
capabilities of the Navstar Global Positioning System (GPS). Attitude control 
was temporarily maintained using thrusters, but with eclipse season starting on 
8 January 1991, and fuel nearing the minimal amount required for safe disposal, 
preparations were made to permanently remove Navstar 6 from the GPS operational 
constellation. A radical plan was developed by members of the United States Air 
Force's 2d Satellite Control Squadron to recover some residual navigation 
capability from Navstar 6. This satellite was inertially spin stabilized for 
attitude control without using fuel. Navstar 6 was operated in a configuration 
never intended during its design. By 15 January 1991, Navstar 6 was providing 
a limited service, allowing some extra navigation flexibility to the 
multinational forces in the Persian Gulf. At the time of the attitude control 
failure of this three axis stabilized spacecraft, Navstar 6 had lasted over ten 
years, double the satellite's design life. The history of Navstar 6 included 
previous attitude control anomalies which led up to the final failure. 


This paper will give a brief overview of the GPS system and operations. The 
history of Navstar 6, the associated attitude control problems, the account of 
its final attitude failure, and attempts to keep the satellite three axis 
stabilized will be told. The story behind the development of the plan to spin 
stabilize Navstar 6 will be given showing satellite performance before and after 
spin-up. The attainment of useful navigation from Navstar 6 and its resulting 
navigation performance will be shown. 
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Navstar 6's attitude control system failed in 
December 1990. To recover some navigation capability 
on this three axis stabilized spacecraft, spin 
stabilized attitude control was attempted. This 
paper describes the history of Navstar 6 as it 
relates to this unique mode of operation. The 
rationale for keeping this satellite alive, the 
implementation of spin stabilized attitude control, 
and the resulting navigation performance are also 
cescribed. 


INTRODUCTION 


The Navstar Global Positioning System (GPS) is 
a space based radionavigation system providing 
worldwide all weather coverage to both civilian and 
military users. The Navstar system promises a 
revolution in all activities requiring precise 
positioning, navigation, or timing. GPS signals will 
provide the precise positioning service to authorized 
users of 16 meters spherical error probable and 100 
meter circular error probable to standard positioning 
service customers. The standard positioning service 
is subject to change according to United States 
national interests. GPS is made of three segments. 
The space segment consists of the orbiting satellites 
and provides L~Band signals with modulated data to 
the world. The user segment represents the customers 
who receive and utilize the navigation data. 
Finally, the control segment comprises a system of L- 
Band monitor stations, S-Band ground antennas, and a 
control center to monitor the satellites’ health and 
periodically upload new navigation parameters. The 
GPS system's control center is named the Master 
Control Station (MCS) and is based at Falcon Air 
Force Base, Colorado. 

On 26 April 1980, Navstar 6 was the sixth 
research and development satellite launched in the 
Navstar program. During July 1987, one out of the 
four three-axis stabilizing reaction wheels 
permanently failed and a second wheel temporarily 
failed; causing the spacecraft to tumble. Upon 
recovery of Navstar 6, the MCS implemented several 
novel procedures to continue the service Navstar 6 
provided. On 10 December 1990, the second out of the 
four reaction wheels permanently failed. Attempts to 
recover three axis stabilization of the satellite 
without thruster firings were unsuccessful. With 
fuel depletion imminent, members of the MCS conceived 
a radical plan to recover residual navigation 
capability by spinning up Navsetar 6 to inertially 
stabilize the satellite. 

This paper will briefly describe the Navstar 
system and MCS operations, continue with a history cf 
Navstar 6 from its initial attitude control system 
failure through its final disposition, and finally, 
the operation and navigation performance of this 
satellite after the second attitude control failure 
will be described in detail. 
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NAVSTAR GPS SYSTEM DESCRIPTION 


The GPS satellité« te at an altitude of 
approximately 20183 a nea: alar 
semisynchronous orbit. tne 
research and developmen sé the 
operational satellite's orb 55°. 
Each satellite transmits two . e Li 
signal is a radio carrier freg MHz. 

i: Noise 


The Ll signal is modulated by two . 
(PRN) codes known as the Course Acquis -icn (C/A) ana 
Precision (P) codes which are in phase quadrature 
with each other. The P code is a PRN stream of 10.23 
Megabits per second compared to the C/A code'= 19.5? 
Kilobits per eecond. The L2 carrier © 

frequency of 1227.6 MHz and 

Both the P and C/A c: 


per second navigatic: 5 
satellite. The navic vse 
almanac information for the ent. } GPS 
constellation, precise ephemeris para rs for =he 
transmitting satellite, and the satellite cicck 
offsets from GPS time. 


A user may determine positicn in thren 
dimensions by measuring the perceived range, also 
known as the pseudorancge, to each of four visible 
satellites. The pseudorange is calculated by 
differencing the transmission and reception times of 
the synchronized L-Band PRN codes and multiplying 
this time difference by the speed of light. Knowing 


the position and GPS time reported by the four 
transmitting satellites from their respective 
navigation messages, the user can solve fcur 


simultaneous equations for three axis position and 
time at the location of signal reception. Detailed 
descriptions of GPS system design can be found in 
References 1-4. 

For the GPS system to work properly, knowledge 
of the sateilite's ephemeris and clock offsets with 
respect to GPS time must be precise. The GPs 
Operational Control Segment is charged with keeping 
each satellite's navigation message accurate and each 
spacecraft in good operating condition. The 
Operational Control Segment consists of five L-Banu 


monitor stations, three S-Band ground antennas, {with 
two additional antennas available on a part time 
basis), and the Master Control Station (MCS). The 
MCS is located at Falcon Air Force Base, Colorado, 


United States of America, and is operated by the 2d 
Satellite Control Squadron of the U.S. Air Force. 
The GPS MCS is the hub of all comvand and 
control activities in the Navstar system. The L-Band 
tracking data is collected at each of the monitor 
stations and transmitted to the MCS. The MCS uses 
this information to generate new orbital elements and 
clock states for each satellite. Updated parameters 
can be uploaded to the satellites through the groun/ 
antennas. Information on satellite status is gaine: 
from S-Band telemetry and the spacecraft is commandeu 
through the ground antennas. The workings of the 
Operational Control Segment are pictured in Figure 1. 
The locations and coverage of the monitor statiens 


-, 
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and ground antennas are shown ir Figure -. 
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FIGURE 1: The GPS Operational Control Segment. L-Band signals transmitted by 
each satellite are tracked by the Monitor Stations. Navigation 
Uploads, telemetry, and commands are routed through the Ground 
gd ol The Master Control Station is the central processing 
ocation. 


eee ee eee 


GA VISIBILITIES (5° ELEVATION) MS VISIBILITIES 


—— . 


mOoOonnnAS>r 





Vest LONGITUDE East 
cTS - Colorado Springs Tracking Station COSPM = Colorado Springs Meniter Statien 
CAPEG = Cape Canaveral Ground Antenna ASCAM = Ascension Island Meaiter Statten 
ASCNG = Ascension Island Ground Antenna DILGOM = Diego Gareia Monitor Station 
DIEGCOG - Diese Garcia Ground Antenna “KWAJM = Kwajalein Atoll Neniter Station 
Ke\JG = Kwajalein Atoll Ground Antenna HAKAIM - Hawald Monitor Staticn 


NOTE: CTS and CAPEG give coveraye over the Continental United States on a part-time basin. 


The GPS Ground Antenna and Monitor Station locations and their SvP 


FIGURE 2: 
respective visibilities. 


The MCS continuously collects and tracks 
pseudorange data from each satellite visible to the 
monitor stations. A pseudorange measurement occurs 
each 1.5 seconds on both L1 and L2 signals received. 
After passing stringent editing criteria, the L2 
measurement is used to correct the L1 measurement for 
ionospheric refraction. These corrected pseudoranges 
are smoothed over a fifteen minute interval. Every 
fifteen minutes, the vector containing the smoothed 
pseudoranges for each satellite-monitor station pair 
is processed by a Kalman Filter to produce a state 
vector for each satellite and monitor station. The 
state vector for each satellite includes its inertial 
position and velocity, a scaling parameter and an 
acceleration parameter for a solar pressure force 
model, and atomic clock bias, drift, and drift rate. 
The monitor station state vector includes atomic 
clock bias and drift, and tropospheric height. The 
MCS Kalman Filter schematic is shown in Figure 3. 

The MCS Kalman Filter implements a discrete time 
epoch state residual process which linearizes the 
current state process with respect to a reference 
system. The observation process is linearized about 
an apriori estimate of the state vector and likewise 
is related to an epoch state residual process. 

The navigation data providing the GPS user 
community the precise ephemeris and clock information 
needed for accurate positioning are based on the MCS 
Kalman Filter state estimates. When a navigation 
data upload is generated for transmission to a 
Navstar spacecraft, the satellite's ephemeris is 
predicted by using the ephemeris state estimates to 
differentially correct the satellite's reference 
trajectory. (The reference trajectory is used to 
linearize the current state process). The clock 
states are predicted by propagating the clock state 
estimates into the future. New navigation data 
uploads are normally transmitted to each satellite 
via S-Band once each day. More detailed treatment of 
the MCS operations and the MCS Kalman Filter can be 
found in References 5 and 6. 


SPR i = Satellite Number 
Monitor Station Number 


hl SPR © Smoothed Pscudorange Measurement 


BLC °K_I_NAVSTAR SATELLITE ATTITUDE CONTROL SYSTEM 
DESC. LPTION 


"he GPS spacecraft is a three axis stabilized 
platform. The antenna array is maintained nadir 
pointing, and the Vehicle-Sun line is kept 
perpendicular to the Y-Axis. The satellite is 
stabilized by a system of four reaction wheels 
arranged in a pyramid as shown in Figure 4. This 
arrangement provides full three axis control with one 
redundant wheel. In the four wheel configuration, 
wheels one and three control roll and yaw, while 
wheels two and four control pitch and yaw. If a 
wheel failure should occur, the control system can be 
configured to allow three wheel attitude control. The 
Operating pair of reaction wheels would assume yaw 
control while the single wheel would control one 
rotational axis. 

Block I Navstar spacecraft are also capable of 
maintaining attitude control with 0.4 N (0.1 1b) 
hydrazine thrusters. In the event of multiple 
reaction wheel failures, these thrusters will fire in 
order to maintain satellite attitude within 2° of the 
pitch and roll axes. 

Navstar spacecraft have an on-board 
electromagnet assembly which is used to dump excess 
reaction wheel momentum. Torques created by the 
interaction of these magnets with the Earth's 
magnetic field serve to reduce reaction wheel 
momentum when necessary. 


e Observation Vector 


MASTER CONTROL STATION 





a * KALMAN FILTER 

Satellite State Vector 
Monitor Station State Vector 

<X;, Vs z)7 = Satellite Inertial Position 

(X, ‘, 2)? = Satellite Inertial Velocity 

(AO, Al, A2) ® Atomic Clock Bias, Drift, and Drift Rate 
(Kl, K2) = Satellite Solar Pressure States 
x = Tropospheric Height 
FIGURE 3: The MCS Kalman Filter uses smoothed pseudoranges to determine the 


satellite and monitor station state estimates shown in this diagram. 
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ROLL ABSIUT X-AXTS USING 
REACTION WHEELS 1 AND 3. 


PITCH ABGUT Y-AXIS USING 
REACTION WHEELS 2 AND 4. 


YAW ASOUT Z-AXIS USING 
REACTION WHEELS 14 2s 3 
AND 4, 


FIGURE 4: 
board the vehicle. 


NAVSTAR 6 VEHICLE HISTORY 


Reaction wheel problems were first seen on 
Navstar 6's predecessor, Navstar 5. Navstar 5 
performed normally for the first four years following 
its launch on February 9, 1980. In March and July, 
1983, a phenomenon named "The Lazy Wheel Syndrome” 
was observed. Lazy Wheel Syndrome occurs when more 
power than normal is required to turn a reaction 
wheel, and as a result, the wheel does not carry its 
share of the satellite's momentum burden. In such a 
situation, the Lazy Wheel‘s companion wheel is likely 
to make up for the satellite's attitude control 
requirements. One Lazy Wheel does not constitute a 
failure, but simultaneous companion Lazy Wheels would 
cause a loss of spacecraft attitude control in either 
the pitch or roll axis. 

In mid July, 1983, a second reaction wheel on 
Navstar 5 exhibited Lazy Wheel Syndrome. Since 
Navstar satellites undergo large yaw torquing during 
their eclipse seasons, these vehicles are likely to 
tumble without three operating reaction wheels during 
solar eclipses. Attempts to exercise the degraded 
reaction wheels by deliberately inducing attitude 
biases appeared to be successful until Navstar 5 
tumbled on November 27, 1983. Subsequent attempts to 
regain three axis control capability failed. 










Block I GPS satellite reaction wheel configuration and location on 


Navstar 6 was launched on April 26, 1980 and 
performed well for its first five years of on-orbit 
operations. Eventually reaction wheels number two 
and four exhibited Lazy Wheel Syndrome. Adequate 
attitude control could be maintained when increased 
power was automatically applied to overcome the lazy 
wheels. These lazy wheel symptoms were first 
observed during October 1985, but there wasn't any 
degradation of satellite operations until the 
satellite tumbled out of control on July 17, 1987. 
At this time, Navstar 6 was placed in a safe 
configuration by spinning the vehicle to 25 RPM and 
precessing the spacecraft to 30-45 degrees of the 
Vehicle-Sun Line to ensure a safe thermal and power 
environment. Testing and analysis over the next 
month revealed the failure of reaction wheel four, 
which wouldn't move. Satellite attitude control was 
lost when lazy wheel number two was unable to absorb 
its share of the leftover momentum burden. Attempts 
to free the frozen wheel were unsuccessful. Navstar 
6 was returned to three axis stabilization using 
three reaction wheel control. Under’ this 
configuration, wheels one and three control roll and 
yaw, while wheel two controls only pitch. Satellite 
thrusters were also enabled to maintain attitude 


stability in case another wheel problem developed. P por 


1988, wheel one was stuck for 
about 38 minutes. Navstar 6's thrusters fired to 
prevent another’ tumble. The satellite was 
unavailable to the user community while the resuiting 
trajectory perturbation was reestimated. During this 
incident, Lazy Wheel Syndrome was observed to omcur 
when the reaction wheel momentum approached a 
"stiction” zone near zero momentum, (+/- 0.09 ! .N.8 

(+/-0.07 £ft.1b.s)). Experts believed the likely 
cause of this stiction zone is mechanical beering 
degradation. Subsequent investigations revealed that 
three of Navstar 5's and three of Navstar 6's 
reaction wheels were built in the same production 
lot. 

To effectively operate Navstar 6, 2 scs 
developed an orbital momentum computer simulation 
which accurately predicted momentum transfer among 
the three remaining reaction wheels and the 
electromagnet setting's effect on momentum growth. 
Using this simulation, the electromagnets were used 
to deliberately raise the momentum level in the 
reaction wheel system. By raising the total momentum 
in this manner, the dwell time of the reaction wheels 
in the stiction zone was minimized. This technique 
proved successful and reaction wheel performance 
returned to normal. However, there were some 
operational impacts as a result of this technique. 
Normally, high wheel momentum would be sensed by the 
attitude control logic and after about 110 minutes, 
a thruster momentum dump would be commanded. To 
avoid this problem, the momentum dump control logic 
was disabled. During solar eclipse season, this 
logic was cycled on for satellite noon and midnight 
passage, in order to make use of the yaw control 
capabilities of the attitude control system during 
these periods. Despite the stringent requirements 
imposed by the increased momentum configuration, the 
MCS successfully maintained Navstar 6 for two years. 

Navstar 6 lost track of the Sun on March 28, 
1990. A geomagnetic induced upset in the solar array 
drive electronics placed the solar panels, where the 
Sun sensors are -located, in a non-track mode. 
Although the satellite was quickly recovered and the 
problem successfully diagnosed, the reaction wheels 
lost the excess momentum required to keep them 
turning during the anomaly. Although the lost 
momentum was restored with the electromagnets, the 
extended period of low momentum may have caused 
further degradation of the reaction wheels. 

On December 10, 1990 Navstar 6's reaction wheel 
number two began to stick. Numerous thruster firings 
resulted from the excessive attitude errors which 
were induced. Navstar 6 was set unusable to the user 
community since the thruster firings resulted in 
unreliable estimation of the satellite's ephemeris 
states. Despite continuous thruster firings and 
attempts to induce increased momentum levels using 
the electromagnets, reaction wheel number’ two 
remained stationary. For the following two weeks, 
MCS personnel attempted to revive either wheel number 
two or wheel number four without any success. _ 


On August 17, 
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6 in the Middle East. 


Navstar 6. 


The PDOP charts used to determine the contribution made by Navstar 
For Kuwait City, Kuwait on January 15, 1991, 
the left hand chart shows Navstar availability with Navstar 6 


included in the GPS constellation. 
The vertical lines on the left hand chart indicate the 


During the two week period between December 10 
and December 24 1990, Navstar 6 was continually 
flying under thruster control. During this time, 
attempts were made to model the satellite's ephemeris 
by increasing the Kalman Filter state variances each 
time a thruster firing occurred. Since thruster 
firings occurred every 12 hour orbit, the “initial 
conditions", which existed each time the state 
variances were increased, became less certain over 
time. All hope of providing even a degraded 
navigation capability soon dimmed. 

Navstar Block I satellites were designed for a 
mean mission duration of 4.5 years. After over 10.5 
years on orbit, only 7.0 Kg (15.5 lbs) of hydrazine 
fuel --~ained on board. Fuel was expended during the 


vehici 1: lifetime for station keeping and 
mainte.  7e@ maneuvers,. with the largest single 
expendi. e@ of fuel due to the 1987 anomaly. During 
the fina. two weeks, the daily consumption of fuel 


was monitored and various configurations were tried 
in an attempt to minimize fuel consumption and 
extract some limited capability. Since about 4.5 Kg 
(10 lbs) of fuel was the specified requirement for 
end-of-life satellite disposal, Navstar 6 could only 
be flown for approximately 20-30 days with the 
average fuel consumption approaching 0.09 Kg/day (0.2 
lbs/day). Solar eclipse season for Navstar 6 started 
in early January 1991. Eclipse season entails 
greater vehicle motion resulting in more frequent 
thruster firings and attitude instability. With the 
degradation of satellite ephemeris state estimation, 
and the likelihood of losing the spacecraft 
uncontrollably during eclipse season, the only 
available recourse seemed to be to shut the satellite 
down and safely dispose of it. 


THE RESURRECTION OF NAVSTAR 6 


Many events came together in the fall of 1990 
which shaped the eventual fate of Navstar 6. The 
large deployment of Allied armed forces to the Middle 
East in response to the occupation of Kuwait played 
the largest role. Navstar GPS was vital to the 
navigation and positioning capability of many 
American and Allied operations in the region. The 
MCS made extraordinary efforts to maximize GPS 
availability over the Middle East during this 
deployment. Another factor which affected the 
situation was the discontinuation of the aggressive 
GPS launch schedule due to a problem discovered on 
the new Block IIA GPS satellite, Navstar 23, launched 
on November 26, 1990. With ongoing operations in the 
Middle East relying on GPS availability and the 
inability to increase that availability with new 
satellites, the loss of Navstar 6 was disappointing. 
The contribution Navstar 6 made to the Middle East is 
illustrated by the Position Dilution of Precision 
(PDOP) charts in Figure 5. PDOP is a dimensionless 
geometric figure of merit used to help ascertain 
Navstar availability (Reference 7). GPS navigation 
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times Navstar 6 was transmitting navigation signals in the spin 
stabilized mode of operations. 


solutions are generally acceptable with PDOP's less 
than six. The two charts compare the GPS 
availability with and without Navstar 6. Examining 
the planned Navstar availability on January 15, 1991 
it's apparent that Navstar 6 was needed to cover a 
gap between 1700 and 2100 GMT. Even when Navstar 6 
did not contribute to the optimal satellite geometry, 
it provided an alternative if a user application 
caused one of the optimal satellites to be masked. 
All of these factors provided the impetus necessary 
to devise a method to extract some navigational 
capability from Navstar 6 despite the reaction wheel 
failure. Since navigational capability couldn't be 
provided while under thruster attitude control, some 
ee form of satellite stabilization needed to be 
ound. 

A radical plan based on the idea of spin 
stabilizing Navstar 6 was developed in an attempt to 
recover some form of navigation capability. A spin 
stabilized satellite is inertially stable, such that 
initially Earth-pointing antennas would only be 
directed towards nadir twice per day due to the 12 
hour GPS orbit. The spin stabilized configuration 
would certainly reduce overall satellite availability 
but the lifetime of Navstar 6 could be significantly 
increased beyond early January 1991. 

Operating the navigation payload while spin 
stabilized was never considered in the design of the 
Navstar system, nor ever attempted. Spin stabilized 
vehicle operations normally occur only in the early 
orbit phase of vehicle deployment and during anomaly 
safing operations. Normally, a spin stabilized GPS 
satellite is oriented such that the spin axis is 
within 30° to 45° from the sun vector. Within this 
range, there is adequate sunlight for power and 
thermal balance. Below the window, direct sunlight 
on the forward bulkhead and antennas would exceed 
design limit criterion. Above the window, reduced 
solar power results. To maintain the navigation 
antennas Earth pointing, the orientation would be 
initially below 30°. The satellite's reaction to the 
excess heat on the antennas was unknown. 

There were several other uncertainties related 
to operating the navigation payload in a_ spin 
stabilized mode. The actual beamwidth of the 
satellite was uncertain and assumed to be 
approximately 27°. The amount of dwell time during 
each Earth Pointing pass was estimated as one hour. 
Whether this was enough time for the MCS to gather 
data and produce a reasonable trajectory estimate and 
navigation upload prediction was in doubt. Since the 
solar arrays could not actively track the Sun, 
whether or not there would be enough electrical power 
to support the navigation payload, even for a short 
period of time, was also highly questionable. 

Despite all of the unknowns, the U.S. Air Force 
Space Command approved the 2 SCS planned attempt to 
extend the life of Navstar 6. If the plan worked, an 
otherwise dead asset would be gained. If the plan 
failed, useful training and lessons would result. 
Navstar 6 was spun to 2.5 RPM on December 27 1990, 
with the L-Band antennas pointed towards Kuwait City 
in the Persian Gulf. 

After Navstar 6 was spin stabilized, a 24 hour 
period was used to monitor the power and thermal 
Btability of the satellite, after which the L-Band 
transmitters were powered up. The first order of 
business was to determine the times associated with 
tracking L-Band signals. Although the cone angle of 
the L-Band transmissions was estimated to be 27°, this 
quantity and the contribution from the side lobes of 
the L-Band transmission was uncertain. The half 
angle of the L-Band cone of radio transmission, also 
known as the “Look-In Angle” was found by monitoring 
the times the MCS was able to acquire the satellite's 
L-Band transmissions and the times those signals were 
lost. The Look-In Angle was determined to be 
approximately 24.5° with an associated period of 
visibility of about 100 minutes. A pictorial 
representation of the Look in Angle and satellite 
attitude during spin stabilized operations is shown 
in Figure 6. Although the L-Band side lobes could be 
observed, the MCS wasn't able to make use of these 
artifacts since the observability time was about 
eight minutes, and the MCS operates in fifteen minute 
data intervals. After the proper Look-In Angles were 
found, a schedule for turning on and off the L-Band 
transmissions was constructed. The resulting areas 
of coverage when the L-Band subsystem was turned on 
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FIGURE 6: Navstar 6 attitude and L-Band signal 
Look-In Angle during Spin Stabilized Operations. 


is represented by the maps in Figure 7. Over North 
America, three GPS monitor stations were able to 
track Navstar 6; Kwajalein Atoll, Hawaii, and 
Colorado Springs. Over the Persian Gulf, only Diego 
Garcia could receive Navstar 6's signals. The affect 
of the limited availability of Navstar 6 on overall 
GPS availability is illustrated by the vertical lines 
in Figure 5. 

The estimated position of the satellite after 
the L-Band signals were turned on wasn't valid since 
the action of spinning the satellite imparted an 
unknown velocity change due to the misalignment of 
the thrusters with the satellite's center of mass and 
differential thrust. The estimated rubidium atomic 
clock states were also invalid because of the change 
in the equilibrium temperature aboard the spacecraft. 
Knowledge of both the ephemeris and clock states was 
exacerbated by the initial uncertainty before spin-~up 
due to attitude thruster firings and the subsequent 
two days where the MCS was incapable of estimating 
the satellite's position, velocity, and time. 

For navigation initialization on December 28, 
1990, the MCS used an S-Band ranging vector prcduced 
by the lst Satellite Control Squadron (1 SCS). The 
1 SCS normally performs the launch and early orbit 
functions for Navstar GPS. The 1 SCS was also used 
as a backup for the initial spin-up of Navstar 6 and 
subsequent spin operations. By introducing very 
large initial variances into the Kalman Filter 
estimation of satellite trajectory, the S-Band 
derived trajectory was refined such that range 
measurement residuals were around 300 meters. 

State estimate variances and covariances 
converged within two days. Unfortunately, due to the 
lack of data, the convergence wasn't an accurate 
solution. As a result, although range measurement 
residuals may be under 10 meters during one pass, by 
the time Navstar 6 rose at the next visibility the 
residuals had grown to over 200 meters due to the 
incorrect Kalman Filter solution propagation. During 
normal Kalman Filter operations, measurements which 
exceed bounds derived from the current’ state 
variances are not used to update the state estimation 
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FIGURE 7: The coverage of Navstar 6 while L-Band signals were transmitting in 
the spin stabilized mode of operations. The left chart shows North 
American coverage and the right chart shows Middle East coverage. 
Times are GMT location of Navstar 6. The circled cross shows the 
satellite location when L-Band was turned on. Circled numbers show 


sequencing of coverage. __ 
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unless the variances are manually’ § increased. - 


Frequent manual increases in the Kalman Filter 
variances result in unreliable estimated state 
predictions. Unsuccessful attempts were made to 
avoid this problem by modifying the MCS Kalman Filter 
state process noise parameters auch that the filter 
would accept large measurement residuals after a long 
period without tracking the satellite. 

On January 7, 1991 the MCS Kalman Filter was 
configured to accept all measurements received from 
Navstar 6 regardless of the success or failure of the 
state variance statistical consistency tests. By 
January 10, 1991 range errors were consistently Q : 
received between 10 and 20 meters. This level of _ ‘ , 
range error was confirmed by independent ground truth mid ces ire wii sia am | 
comparisons made at the U.S. Army Yuma Proving Tue Jan 15 1991 |F!ME (GMT) 
Grounds and by several GPS user set manufacturers. 
This performance was miraculous given the FIGURE 8: Horizontal position errors as reported by 
configuration of the satellite and the lack of data the Trimble Corporation on January 15, 1991. Navstar 
to determine the satellite's ephemeris and clock 6 contributed to the position solution at the times 
states. In the planning for the spin stabilized mode shown. 
of operations, the best navigation performance hoped 
for was around 100 meters of range error. Navstar 4 
delivered 100 meter range error performance when it 
was operating on a quartz oscillator due to the 
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failure of its on-board atomic clocks. Many GPS so 
useful, and we had hoped those same customers would = 
be able to use Navstar 6. When Navstar 6 performance oe 


turned out to be only double that of normal GPS range 
errors, the possibility of making the satellite 
available to the entire user community became a 
reality. 

On January 12, 1991 Navstar 6 was set healthy 
over North America to determine if there were any 
adverse impacts due to the limited L-Band signal 
transmission times or the reduced accuracy. The test 
was extremely successful, and with U.S. Space Command 
approval, Navstar 6 was set healthy to the user 
community on January 16, 1991. The performance of 90 
Navstar 6, as seen by two manufacturers' user sets 
located in California on January 15 and 16, can be -15 
seen in Figure 8 and Figure 9. It's interesting to 
note the increasing tail end of the range error for “£0 
Navstar 6 as seen in Figure 9. The cause of this 
phenomenon is uncertain, but believed to be either 
the inherent inaccuracies of the estimated orbit ripe CE DAY OMT) 
trajectory, or the effect of the L-Band phasing out aire oa 
as the signal passed by the user's location. ? 


FIGURE 9: Satellite range errors as reported by the Ps 
Magnavox Corporation on January 16, 1991. Navstar 6 
navigation performance can be directly compared to 
other GPS satellites. 
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FIGURE 10: Satellite range errors as reported by 
Yuma Proving Grounds on January 24, 1991. Navstar 6 


navigation performance can be directly compared to 
other GPS satellites. — 
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On January 18, Navstar 6 was made unavailable to 
the user community because the unusual satellite 
configuration and navigation performance generated 
concern in the offices of the U.S. Military's Joint 
Chiefs of Staff. Further research and tests were 
conducted to alleviate those concerns. A sample of 
Navstar 6's performance as reported by Yuma Proving 
Grounds during this time period is provided in Figure 
10. Navstar 6 was subsequently set healthy to the 
user community on February 2, 1991 and stayed healthy 
until March 5, 1991. After the end of hostilities in 
the Middle East, Navstar 6's navigation payload was 
shut down. ~~. Sn Te 
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ESTIMATED RANGE DEVIATION 
(ME TERS) 


The primary means of MCS satellite navigation 
performance monitoring is the estimated range 
deviation. Estimated range deviation is the 
difference between the range measurement calculated 
from the current Kalman Filter state estimates and 
the range measurement derived from the upload 
prediction being transmitted by the satellite during 
a MCS data interval. Figure 11 shows the average and 
maximum value estimated range error history of 
Navstar 6. The nominal navigation performance prior 
to December 10, 1990 and the resulting deterioration 
‘n performance under thruster control after December 
i) are evident. A data outage resulting from the 
s. -ellite spin-up and navigation initialization is 
{ ‘ .wed by the relatively stable performance during 
SL operations. The three spikes in navigation 
pe. mance during the spin stabilized period 
res. d from the inability to acquire data from the 
Dieg. Garcia monitor station because of 
commu. itions outages. The data outage at Diego 
Garcia reduced the navigation performance over North 
America, but since there was dual or triple station 
visibilit+ over North America, navigation performance 
over the Middle East was extremely consistent. 

Figure 12 shows all of the navigation solutions 
received from the MCS monitor stations which included 
Navstar 6 among the four satellites for all values of 
Geometric Dilution of Precision (GDOP) below 6.0. 
(The GDOP definition can be found in Reference 7). 
As can be expected, the navigation solutions below a 
GDOP of 3.0 were quite good. GDOP values between 3.0 
and 6.0 are also, for the most part good, but the 
stochastic amplifying affect of geometry becomes 
apparent. While Navstar 6 was available in a spin- 
stable configuration, user feedback was extremely 
encouraging. In fact, not one user reported a 


complaint relative to Navstar 6 during its entire 
spin stabilized mode of operation. 
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FIGURE 11: Navstar 6 performance history as seen by the MCS estimated range i 
deviations. Nominal navigation performance is shown prior to the U 


reaction wheel failure. The increasing range errors during thruster 
attitude control are also evident. Finally the relatively stable 
performance during spin stabilized operations can be seen. 
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FIGURE 12: The three dimensional navigation solutions received by the MCS which 
included Navstar 6 in the solution from January 14, 1991 to March 5, 


1991. 


THE FINAL EPITAPH 


During spin stabilized operations, the Sun out- 
of-plane angle naturally increased above 30° resulting 
in decreased solar array output. By the end of 
February 1991, Navstar 6's power generation was 
barely able to support the electrical loads without 
a deliberate precession of the spin axis. 
Unfortunately, a precession maneuver would drain 
precious fuel and decrease the useful navigation 
visibility periods. With hostilities ended in the 
Middle East, the navigation payload was disabled to 
conserve power on March 5, 1991. On April 24, 1991 
the remaining propellent on board Navstar 6 was 
exhausted, the satellite was safed, and permanently 
shut down. Navstar 6 was removed from operations as 
a true war veteran. Table I summarizes the 
Significant events in the lifetime of Navstar 6. 





TABLE 1: Significant Events in Navstar 6's Life 


1987 
1988 
1990 
1990 
1990 
1991 
2992 
1991 


DATE 


April 26 
July 17 
August 17 
March 28 
December 10 
December 27 
January 16 
March 5 


April 24 






Launch 


Reaction Wheel 4 Failure 
Reaction Wheel 1 Anomaly 
Sun Tracking Anomaly 
Reaction Wheel 2 Failure 
Spin Stabilized Operations 
Usable navigation available 


Navigation Payload Shut Down 


Co OX 


Disposal 


CONCLUSION 


Historically, the primary failure mode of 
Navstar GPS satellites is a degradation of navigation 
performance before final failure. Since a degraded 
satellite can be useful to a subset of the GPS user 
community, it would seem smart for users who have 
high accuracy requirements to incorporate the 
necessary autonomous error detection algorithms. 
This view is not currently endorsed by the U.S. 
Department of Defense, but would make sense if the 
performance of Navstar 6 was actually unacceptable 
for some applications. For military operations, the 
tradeoff between availability and accuracy will 
probably tend towards greater availability. 

In the mid 1980's, as the Air Force Space 
Command started to convert satellite control from a 
contractor supported operation to military personnel, 
a large percentage of the space operations community 
believed this experiment was doomed to fail. The 
tremendous strides in Navstar GPS operations in 
general, and particularly the innovative operation of 
Navstar 6 vindicates the idea of uniformed personnel 
operating military satellites. 
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